Transposable elements (TEs) account for more than 80% of the wheat genome. Although they represent a major obstacle for genomic studies, TEs are also a source of polymorphism and consequently of molecular markers such as insertion site-based polymorphism (ISBP) markers. Insertion site-based polymorphisms have been found to be a great source of genome-specific singlenucleotide polymorphism (SNPs) in the hexaploid wheat (Triticum aestivum L.) genome. Here, we report on the development of a high-throughput SNP discovery approach based on sequence capture of ISBP markers. By applying this approach to the reference sequence of chromosome 3B from hexaploid wheat, we designed 39,077 SNPs that are evenly distributed along the chromosome. We demonstrate that these SNPs can be efficiently scored with the KASPar (Kompetitive allele-specific polymerase chain reaction) genotyping technology. Finally, through genetic diversity and genome-wide association studies, we also demonstrate that ISBP-derived SNPs can be used in marker-assisted breeding programs.
I
n the past decade, SNPs have emerged as the marker of choice in genetics because of their abundance and high-throughput detection capacities. Single-nucleotide polymorphisms are commonly used for a wide range of applications in plants, including generation of high-density genetic maps, physical map or sequence anchoring and ordering, quantitative trait locus mapping, genomewide association studies, map-based gene cloning, characterization of genetic resources, and marker-assisted breeding and genomic selection (Ganal et al., 2009 (Ganal et al., , 2012 . Unlike other types of markers such as simple sequence repeats (SSRs) or diversity array technology (DArTs), SNPs require the comparison of homologous sequences between genotypes to identify variations at the sequence level. The recent advent of next-generation sequencing systems has opened the way to wholegenome resequencing of several plant species for SNP discovery or direct genotyping. Although this approach is affordable for plant with small to moderate genome sizes such as Arabidopsis thaliana L. Heyhn. (Cao et al., 2011) , rice (Oryza sativa L.) (Xu et al., 2012) , or soybean [Glycine max (L.) Merr.] (Lam et al., 2010) , whole genome resequencing remains too expensive for plant with large genomes such as bread wheat (17,000 Mb; International Wheat Genome Sequencing Consortium, 2014) or loblolly pine (Pinus taeda L.) (22,000 Mb; Zimin et al., 2014) and therefore cannot be applied to a large set of lines. For such species, complexity reduction approaches can be an alternative for efficiently and reproducibly sampling the same sequence fraction between genotypes (Paux et al., 2011) . Two types of approaches, "random" and "targeted", can be used to reduce genome complexity. Random approaches include transcriptome resequencing, methylfiltration, renaturation-based (high-Cot) filtration or restriction enzyme-based techniques such as complexity reduction of polymorphic sequences. Targeted approaches include polymerase chain reaction (PCR) amplification of similar targets in different cultivars or hybridization using oligonucleotide capture technologies. Most of these approaches rely on the filtration of the repetitive fraction of the genome to reduce complexity. Even whole-genome resequencing approaches tend to focus on low-copy DNA regions as repeat-originating reads can hardly be mapped to their correct locus in the genome. However, because they are less subjected to selection pressure, TEs can be a large source of polymorphism.
In wheat, TEs account for more than 80% of the genome size Wicker et al., 2011) . Over the past few years, tremendous efforts in SNP discovery have been made in wheat, mainly targeting the coding fraction of the genome. Various approaches have been used, including cDNA sequencing (Allen et al., 2011) , targeted resequencing of the wheat exome (Allen et al., 2013; Winfield et al., 2012) , transcriptome sequencing (Lai et al., 2012) , and whole-genome resequencing (Lai et al., 2015; International Wheat Genome Sequencing Consortium, 2014) . These projects have led to the discovery of several millions of SNPs. Concomitant to SNP discovery, several technologies have been implemented for SNP genotyping in hexaploid wheat, including KASPar technology (Allen et al., 2011 (Allen et al., , 2013 ) , Illumina GoldenGate , and Illumina iSelect (Cavanagh et al., 2013; Wang et al., 2014) .
However, the allohexaploid nature of the wheat genome, combined with its high level of gene duplication (Choulet et al., 2014) , poses significant challenges . Indeed, during the SNP discovery process, true allelic SNPs have to be discriminated from homoeologous and paralogous SNPs. In addition, the presence of homoeologous or paralogous loci creates a shift of genotype cluster plots compared to their position in diploid species (Wang et al., 2014) .
Access to unique loci might help to circumvent these challenges, both in terms of SNP discovery and SNP genotyping. Insertion site-based polymorphism markers have been shown to be a very efficient and straightforward way to design unique genome-specific markers (Paux et al., 2006) . Insertion site-based polymorphism markers were initially described as PCR-based markers for the amplification of a DNA fragment spanning a junction between a TE and its flanking sequence (another TE or a low-copy sequence). They represent a way to access the repetitive fraction of the wheat genome that has not been exploited for SNP discovery so far. Indeed, we recently demonstrated the potential of ISBP markers to saturate the wheat genome efficiently and to be used in marker-assisted selection . With average densities of one ISBP per 5.4 kb in the hexaploid wheat genome and one SNP every ~100 bp in ISBPs, we estimated that about six million genome-specific SNPs could be designed from ISBPs in the whole wheat genome.
However, the full potential of ISBPs for SNP discovery can be achieved only with high-throughput technologies that allow for the efficient resequencing of several thousand ISBPs in different cultivars. So far, SNP discovery within ISBPs has been done through PCR amplification, which is not compatible with high-throughput approaches. Here, we report on the development of a high throughput ISBP-derived SNP (ISBP-SNP) discovery approach. We also demonstrate the efficiency of the combination of ISBP-SNP and KASPar genotyping and its potential application to wheat breeding.
Material and Methods

Plant Material and DNA Extraction
Ten wheat cultivars and lines were selected for SNP discovery: 'Apache', 'Autan', 'Aztec', 'Cezanne', 'Chinese Spring', 'INRA3', 'Premio', 'Renan', 'Robigus', and 'Xi19'. The elite panel consisted of a set of 93 European elite varieties, which had mainly been registered during the last decades in France, the United Kingdom, and Germany (Supplemental Table S1 ). The Institut National de la Recherche Agronomique (INRA; French National Institute for Agricultural Research) worldwide bread wheat core collection is made up of 367 accessions that capture more than 98% of the total allelic diversity observed at 38 polymorphic SSR loci in a sample of 4000 bread wheat accessions (Balfourier et al., 2007) (Supplemental Table S1 ). Accessions within the latter collection originate from 70 different countries and include both landraces from the 19th century and old or modern cultivars from the 20th century. DNA was extracted as described in Graner et al. (1990) .
IsbpProbeDesign
The IsbpProbeDesign program is written in Perl. It uses data generated by IsbpFinder and retrieves only the ISBP markers that correspond to a junction between a TE and a low-copy sequence. It then uses Tallymer (Kurtz et al., 2008) to mask k-mers that are repeated x times or more at the whole genome level. Finally, it extracts subsequences of unmasked nucleotides in the low-copy part of the ISBP marker flanking the TE sequence. Parameters such as k-mer length, number of k-mer occurrences in the Tallymer index, and subsequence length are customizable. In this study, the Tallymer index was computed on a 1× genome coverage sampled in the reads produced on the cultivar Chinese Spring (Brenchley et al., 2012) . K-mer length was set up to 20, the number of occurrences to 10, and the subsequence length to 120 nt. IsbpProbeDesign is freely available on request.
Insertion Site-based Polymorphism Sequence Capture
Sequence capture was performed using the SureSelect XT Target Enrichment system for Illumina Paired-end Sequencing Library (Agilent, Santa Clara, CA). A total of 52,265 120-nt baits were designed to target 6272 kb of sequence. For each wheat accession, 3 µg of genomic DNA dissolved in 100 mL of 1× TE buffer were fragmented to an average size of 150 to 200 bp on a Covaris S2 (Covaris Inc., Woburn, MA) using the following parameters: duty factor, 10%; intensity, 5; cycles per burst, 200; time, 180s; set mode frequency sweeping; temperature, 4°C. Fragment sizes were checked on 2% agarose gel. The following steps were performed according to the standard Agilent protocol. Libraries were tagged during the post-capture ligation-mediated PCR step, using Index 2, 4, 5, 6 or 7 (two samples per index). Following DNA quantitation, two equimolar pools of five samples carrying five different index sequences were prepared. Each pool was sequenced in paired-end 2× 100-bp reads on an Illumina HiSeq2000 lane (Illumina Inc., San Diego, CA).
Sequence Alignment and SNP Discovery
Read mapping was performed using the Mosaik assembler (Strömberg, 2009) . MosaikBuild was used with FASTQ mate files for each accession. A multi-FASTA file containing 52,265 ISBP sequences was used as a reference. Reads were aligned with MosaikAligner using the following criteria: maximum number of mismatches, 3; alignment candidate threshold, 60; minimum percentage of the read length that should be aligned, 0.6; use of aligned read length when counting errors. MosaikSort, MosaikMerge, and MosaikAssembler were then used to generate a single assembly file. This file was then submitted to the GigaBayes package (Hillier et al., 2008; Marth et al., 1999) for SNP discovery using the following parameters: ploidy, diploid; sample, multiple; SNP lower probability threshold for reporting polymorphism candidates, 1; output detail level for candidate polymorphism report, 4; minimum total read coverage for position to be considered, 20. GigaBayes results were then processed with a Perl script to classify SNPs into four different classes. These classes were based on the homozygous or heterozygous nature of the SNP in the selected panel. A SNP was considered as heterozygous if more than 10% of the reads from a given accession showed a variation in its sequence. Four different classes were defined: (i) the locus showed only homozygous AA and BB alleles among all 10 lines, (ii) the locus showed homozygous AA and BB and heterozygous AB alleles, (iii) the locus showed only homozygous AA and heterozygous AB alleles, and (iv) the locus was heterozygous AB in all 10 lines. To be conservative, SNPs were considered only if the position was covered by at least 20 reads (from 10 lines).
KASPar Genotyping
Single-nucleotide polymorphism context sequences were submitted to LGC Genomics (Teddington, UK) for KASPar assay design. In addition to the SNP itself, the position of the junction was identified on the sequence as an x. KASPar assays were designed so that the allele-specific primers were on the SNP itself and the locus-specific primer was on the other side of the boundary between the TE and the low-copy sequence. Genotyping was conducted at LGC Genomics following their own protocol.
Variability Estimation and Diversity Analysis
Variability for each locus was measured using the polymorphism index content (PIC) (Anderson et al., 1993) :
Genotyping data were used to describe diversity within both the elite and diversity panels. For each sample set, a dissimilarity matrix was built using simple matching coefficient between each pair of accessions. For the elite panel, a Neighbor-Joining tree was created using this dissimilarity matrix and 1000 bootstrapped trees were calculated to assess the uncertainty of the tree structure. For the INRA core collection, dissimilarities were calculated between individuals and the geographical structure of the wheat germplasm diversity was analyzed by a Ward dendrogram between accessions. Data analyses were conducted using DARwin software (Perrier et al., 2003; Perrier and Jacquemoud-Collet, 2006) . Accessions of the INRA core collection were grown in 2005 and 2006 in 10-m 2 plots in a complete randomized block design at the INRA plant breeding station in Clermont-Ferrand (France) using regional farming methods, which include applying appropriate fertilizers and pesticides. To test dough quality, white flour was obtained with the Chopin Dubois CD1 mill (Tripette & Renaud, Villeneuve la Garenne, France), which gives a 70% extraction rate. Mixograph tests were assessed on 10 g of flour. Mixograph parameters were estimated from the height and width of the mixograph curve as described by Martinant et al. (1998) . The average height of the curve measured at peak time, peak time plus 2 min, and peak time plus 8 min were used as a measure of the dough consistency (mixing consistency). Association between markers and mixing consistency was tested for the mean of the 2 yr with the TASSEL version 5.0 software (Bradbury et al., 2007) using the mixed linear model (MLM-Q-K) with controls for population structure (Q-matrix) and kinship between accessions (K-matrix). The kinship matrix was estimated with 527 of the 554 DArT markers described in Bordes et al. (2011) located on all chromosomes except chromosome 3B, according to the method proposed by Rincent et al. (2014) . The power of association of a marker with mixing consistency is represented by a logarithm of the odds (LOD) score, computed as log(P), where P is the probability for a SNP to be associated with the trait. Markers were considered as associated if the LOD scores were 3 and 4, which indicate the significance and high significance thresholds, respectively.
Association Studies
Results and Discussion
Transposable Elements are a Rich Source of SNPs in Wheat
IsbpFinder was used to mine for ISBP markers in 16,159 chromosome 3B scaffolds (Choulet et al., 2014) . Overall, a total of 410,124 ISBPs were found, including 178,535 high-confidence, 160,473 medium-confidence, and 71,116 low-confidence markers (Supplemental Table S2 ). To develop a high-throughput approach, we investigated the use of target enrichment strategies for efficient and high-throughput ISBP sequence capture. Our main problem laid in the repetitive nature of these markers. Indeed, the use of a repeat as bait would have led to the unspecific capture of all the repeats from the same family. To overcome this limitation, we focused on a specific subset of ISBP markers corresponding to the insertion of a TE in a low-copy sequence (either coding or noncoding). Out of 410,124 ISBPs, 184,452 corresponded to a junction between a TE and a low-copy sequence (58,676 high-confidence and 125,776 medium-confidence). A de novo repeat detection approach based on k-mer frequency was further applied to identify and mask any potential repeated stretches of DNA in the low-copy sequence. The purpose was to ensure that the template used for bait design was free from repeated DNA (to prevent cross-hybridization). We finally designed 120-nt baits in the unrepeated DNA flanking a TE for target enrichment. This process was fully automatized in a program called IsbpProbeDesign (see the Material and Methods section). Eventually, 57,705 120-nt baits were identified in the 184,452 TE low-copy ISBPs. These baits were filtered according to their guanine-cytosine (GC) content to avoid the presence of too GC-poor or GC-rich sequences in the capture kit. Indeed, GC-poor or GC-rich sequences are known to affect both PCR amplification and capture efficiency (Asan et al., 2011; Chilamakuri et al., 2014) . Baits with a GC content ranging from 33.3 to 70.0% were submitted to Agilent for the construction of a SureSelect sequence capture kit. In contrast to most of the previously reported studies that used tiling designs with several overlapping or nonoverlapping baits to capture a large contiguous region, our design targeted 52,265 discrete loci (average length = 221 bp) with one single bait per locus (Supplemental Table S3 ). The total capture space was 6272 kb, (52,265 × 120 bp) corresponding to a targeted space of 11,556 kb (52,265 × 221 bp).
The corresponding SureSelect kit was used for target enrichment in 10 hexaploid wheat cultivars and lines. These lines correspond to European elite varieties, except for Chinese Spring, which is the reference cultivar used for genome sequencing (Choulet et al., 2014; International Wheat Genome Sequencing Consortium, 2014) and was used as control.
Out of the 52,265 targeted ISBPs, 51,437 (98.4%) were efficiently captured in at least one of the 10 lines. The vast majority (71.3%) of ISBPs were captured in all lines. On average, 87.2 ± 0.8% of the 51,437 ISBPs were captured in a given accession, except for Chinese Spring, in which 95.4% were efficiently captured. This demonstrates the reliability of this approach and, in addition, suggests that the absence of a targeted ISBP in a given line might reflect the absence of the corresponding locus in its genome. The 828 loci that were not captured in any accession were clearly biased toward GC-rich sequences, with 51.4% of the baits having a GC content greater than 60% (compared to 10.7% for all baits and 9.7% for captured ones). This result was not unexpected, as it has been shown that the optimal GC content for sequence capture baits was 40 to 60% (Asan et al., 2011) .
A total of 49,836 SNPs were identified in 18,134 ISBPs (Supplemental Table S4 ). These SNPs were classified into four categories: (i) 33,220 (66.7%) loci showing only homozygous AA and BB alleles among all 10 lines, (ii) 5857 (11.8%) loci with homozygous AA and BB and heterozygous AB alleles, (iii) 8858 (17.8%) with only homozygous AA and heterozygous AB alleles, and (iv) 1901 (3.8%) with only heterozygous AB in all 10 lines. The majority of these SNPs (69.7%) corresponded to transition and 30.3% to transversion. This rate is consistent with previous studies and was expected, as the high methylation level in TEs leads to an increase in mutation frequency at deaminated sites Rabinowicz et al., 2005) .
For subsequent analyses, only Class 1 (AA and BB) and Class 2 (AA, AB, and BB) SNPs were selected. These 39,077 SNPs were identified in 16,556 ISBP markers (Supplemental Table S5 ). The number of SNPs per ISBP ranged from 1 to 12, with an average of 2.36 ± 1.58, corresponding to a density of one SNP every 98 bp, which was highly similar to our previous estimate of one SNP every 99 bp . This density was found to be comparable between the TE and low-copy sides of ISBPs (one SNP every 95 bp and one every 100 bp, respectively), suggesting that if TE methylation is responsible for the higher mutation rate of ISBPs compared to genes, methylation is likely to spread to neighboring regions, as has already been reported in other studies (for examples, see Martin et al., 2009; Eichten et al., 2012 and the references therein).
In hexaploid wheat, the B genome is known to be the most polymorphic, accounting for ~47.5% of all polymorphisms, compared to 40.8 and 11.7% for the A and D genomes, respectively (International Wheat Genome Sequencing Consortium, 2014). Based on these proportions, one can extrapolate that this approach would lead to the discovery of more than 400,000 ISBP-SNPs in the whole wheat genome. As this number is relatively low compared to whole-genome resequencing approaches (Lai et al., 2015 ; International Wheat Genome Sequencing Consortium, 2014), this complexity reduction approach allows for SNPs to be mined in a larger set of lines, thus reducing ascertainment bias.
The PIC values ranged from 0.18 to 0.50, with an average of 0.34, which is slightly higher than the average PIC value observed for transcript-specific SNPs in a set of 23 wheat varieties representing a broad cross-section of wheat germplasm (Allen et al., 2011) . In addition, SNPs located on the same ISBP can be used to define haplotypes (Rafalski, 2002) . To assess the number of haplotypes in our dataset, we focused on a subset of 25,832 Class 1 SNPs without missing data. The number of SNPs per ISBP ranged from 1 to 11. Among the 6830 multi-SNP ISBPs, the number of haplotypes ranged from two to seven and was highly correlated with the SNP number (R = 0.977, p = 10
). When haplotypes were considered, PIC values ranged from 0.18 to 0.82, with an average of 0.42 ± 0.15.
Insertion Site-based Polymorphism SNPs are Amenable to KASPar Genotyping
To validate our SNP discovery process and assess the compatibility of ISBP-SNPs with genotyping technologies, a set of 3300 markers that were evenly distributed on chromosome 3B scaffolds was submitted to KBioscience for the synthesis of KASPar assays. To keep the genome-specificity of ISBP markers, the design was done so that the allele-specific primer was located on the SNP but the locus-specific primer was designed on the other side of the boundary between the TE and the low-copy sequence. Eventually, 3284 (99.5%) KASPar assays were successfully designed and used to genotype a panel of 460 wheat lines (Supplemental Table S6 ). These lines comprised 93 European elite cultivars (the elite panel) and the INRA core collection' (Balfourier et al., 2007) .
Genotyping data on the elite panel and the INRA core collection were used to calculate performance metrics commonly applied to SNP genotyping, namely conversion rate, call rate, completeness, and accuracy (Hardenbol et al., 2005) . Out of the 3284 KASPar assays synthesized, 2842 could be examined, corresponding to a "conversion rate" of 86.6%. This rate is higher than the one observed for gene-derived SNPs using the KASPar technology (Allen et al., 2011) . This difference is probably caused by the hexaploid nature of the wheat genome in which the presence of homoeologous target sites can result in genotype call clustering failure . Here, because of the uniqueness of the ISBPs as well as the way the KASPar probes were designed, most of the assays behaved in a diploid manner, with homozygous clusters clearly separated on each side of the diagonal defined by the heterozygous cluster. The overall heterozygosity rate was found to be lower than 1%, as expected for homozygous wheat lines, with only 3% of the accessions having a heterozygosity rate greater than 3%. The number of missing data per genotype ranged from 17 to 1058, with only 44 out of 460 lines (9.6%) having more than 10% missing data. This can be extrapolated as a 90.5% "call rate" over the whole analysis. Finally, the percentage of total genotypes returned across all markers, defined as the completeness, was 94.6%, with 5.4% missing data. However, it is worth noting that, as previously stated, these missing data might reflect the fact that the corresponding loci are absent from the genome of some lines. In this case, it might be interesting to consider these data as presence or absence variations, which are known to occur frequently in plant genomes, especially in the noncoding repetitive fraction where TE insertions are not necessarily conserved across all accessions (Saxena et al., 2014) . To assess the accuracy of KASPar results, the genotyping data were compared with the sequencing data of 7 out of the 10 lines used for SNP discovery. In total, 94.8% of the two sets were consistent. Most of the discrepancies (3.3% out of 5.2%) were caused by missing data either in the sequencing or in the genotyping results. An additional 1.7% of discrepancies was caused by genotypes that were called heterozygous by one technique and homozygous by the other one. The remaining 0.2% corresponded to genotypes with two different homozygous alleles with the two techniques. Interestingly, out of the 519 SureSelect missing data, almost one half (243) were confirmed by KASPar data, reinforcing the hypothesis that these missing data might be true presence or absence variations.
Over the past few years, KASPar technology has become one of the most widely used technologies in plant breeding because of its flexibility, relatively low cost and high throughput (Michael, 2014) . However, it is worth noting that ISBP-SNPs have already been proven to be compatible with other genotyping technologies such as melting curve analysis, the Life Technologies SNaPshot Multiplex System, and the Illumina BeadArray technology , as well as high-resolution melting analysis (Schulman et al., 2012) , Illumina iSelect, and Affymetrix Axiom (unpublished data). In addition, one could consider using the ISBP sequence capture approach as a complexity reduction step before sequencing-based genotyping. Indeed, thanks to its high reproducibility, this technique might circumvent the high level of missing data typically observed with classical genotyping-bysequencing approaches (Fu, 2014) .
Insertion Site-based Polymorphism SNPs Allow for the Saturation of Wheat Chromosomes
To assess the distribution of total targeted ISBPs, polymorphic ISBPs carrying Class 1 or Class 2 SNPs as well as ISBP-SNPs in the wheat genome, ISBP sequences were mapped back to the chromosome 3B pseudomolecule. Since ISBPs were designed at an early stage of the chromosome 3B sequencing and considering that some scaffolds were not anchored on the pseudomolecule, 96% of the targeted ISBPs (50,408 out of 52,265), polymorphic ISBPs (15,869 out of 16,556) and SNPs (37,544 out of 39,077) have a position on this sequence.
The distribution of targeted ISBPs was found to follow a gradient along the centromere-telomere axis (Fig. 1A) . Considering that we focused on TE low-copy DNA ISBP markers, this result was not unexpected, as the percentage of low-copy sequences is higher in distal regions than in proximal ones (Choulet et al., 2014) . The distribution of polymorphic ISBPs was found to be correlated with that of total ISBPs (R = 0.79, p = 0). The average polymorphic ISBP density was one every 48.8 kb. About three-fourths (77.4%) of the inter-ISBP distances were shorter than 50 kb, the largest region without any ISBP marker being 2.16 Mb. On average, 32.6% of ISBPs were polymorphic. Although this percentage was found to be quite even on the short arm of chromosome 3B, it appeared to be much more variable on the long arm (Fig. 1B) . In particular, two regions of ~30 Mb were identified in which this percentage dropped down to 11 to 12%. Such regions might indicate domestication or selection footprints (Nielsen et al., 2005) .
Similarly, the SNP distribution was found to be highly correlated with that of polymorphic ISBPs (R = 0.98, p = 0), with an average of 2.36 SNPs per ISBP. The number of SNPs per ISBP was quite even along the chromosome, except in some regions (including the two aforementioned ones), reinforcing the hypothesis that they might correspond to regions that have been fixed through domestication or selection (Fig. 1C) . However, the overall results demonstrate that the polymorphism level of ISBP markers (both in terms of polymorphic versus nonpolymorphic loci and in terms of SNP number) was not impacted by their position on the chromosome.
In contrast, allele frequencies were found to vary greatly along the chromosome. In the elite panel and the INRA core collection, the PIC values ranged from 0.004 to 0.500, with an average value of 0.286 (0.268 in the elite panel and 0.285 in the INRA core collection). This figure is comparable to other estimates in wheat (Allen et al., 2011; Chao et al., 2009; Edwards et al., 2009) . The distribution of PIC values was not even along the chromosome (Fig. 1D) . A strong decrease was observed in the proximal part of chromosome 3B, which is consistent with previous studies in wheat (Akhunov et al., 2010; Jordan et al., 2015) as well as in maize (Zea mays L.) (Gore et al., 2009 ). This region fits almost perfectly with the centromeric-pericentromeric region (265-387 Mb), defined previously on the basis of the absence of meiotic recombination and high linkage disequilibrium (Choulet et al., 2014) , as well as high TE density and enrichment in constitutively expressed genes and ancestrally conserved genes . Strikingly, in this region that encompasses more than 400 SNPs, two main haplotypes were observed. The less frequent one was found in a set of roughly 30 lines, mostly originating from Asia (China and Japan) as well as from the European elite germplasm pool. The genetic proximity of Asian and European lines in the pericentromeric region of chromosome 3B might be explained by the use of Japanese lines such as 'Akakomugi' or 'Norin 10' in European breeding programs for the transfer of Rht genes (Borojevic and Borojevic, 2005) .
Insertion Site-based Polymorphism SNPs Can be Used Efficiently for Wheat Breeding
To assess the usefulness of ISBP-SNPs to discriminate between wheat lines, genotyping data from 2842 KASPar assays were used to describe diversity within the elite panel and the INRA core collection. Figure 2 shows the Neighbor-Joining tree among the 93 elite lines of the elite panel. As indicated by the high bootstrap values, each accession was clearly differentiated from the genetically nearest one. It is worth noting that a group of nine varieties (on the top of the tree) differentiates from the others. These correspond to the European material carrying an Asian-related pericentromere, as discussed previously. Figure S1 illustrates the Ward dendrogram of the 367 accessions of the INRA core collection, which was originally designed to capture more than 98% of the total allelic diversity observed at 38 polymorphic SSR loci in a sample of 4000 bread wheat accessions. As previously described (Horvath et al., 2009) , the analysis of the population structure within the core collection using a set of whole-genome DArT markers led to five groups of accessions which can be related to their geographical origins: Western Europe, Eastern Europe, Mediterranean, Asia, and Nepal. In the present study, ISBP-SNPs succeeded in recovering geographical structure within five groups, with a clear separation between accessions from the Asian gene pool (Asia and Nepal) and from the European gene pool (Western Europe, Eastern Europe, and Mediterranean). When we compare our results with those obtained from a set of whole-genome DArT markers, some discrepancies in the clustering of accessions were observed. However, one should keep in mind that our SNPs originated from one chromosome only and this might have led to a slightly different genetic structure. Consistent with this is the bottom branch of the tree that contains accessions harboring the minor Asian pericentromeric haplotype mentioned previously.
KASPar genotyping data from 2745 ISBP-SNPs with a minor allele frequency greater than 5% were also used to conduct a genome-wide association study for dough rheology on chromosome 3B. Phenotypic data derived from the INRA core collection were retrieved from Bordes et al. (2011) . A strong association (LOD score >3) was found with 34 SNPs. These SNPs defined a region of ~3 Mb located on the long arm of chromosome 3B (Fig.  3) . With 34 SNPs, one might theoretically expect more than 17 billion possible haplotypes. Instead, only 11 haplotypes were observed, the two most common ones representing 52.3 and 37.8%, respectively. The average mixograph consistency values of these two haplotypes were 32.3 and 34.6% of the curve width, respectively, suggesting a 6.9% difference between the two groups.
The 3-Mb region contains 47 annotated protein-coding genes. Their expression profiles were investigated in 15 conditions covering the entire plant development process . Sixteen genes did not show any expression whereas three of them showed an increased expression in grain 30 d after anthesis (Zadoks scale 85), including two putative a or β hydrolases and one protein of unknown function. These genes might be good candidates for dough rheology.
Because of their ability to distinguish efficiently between genetically close accessions as well as their potential association with traits of interest, ISBP-SNPs are useful tools for marker-assisted breeding, both for describing genetic diversity and for detecting genomic regions involved in agronomic traits. This is also exemplified by the recent use of these markers in markerbased phenology modeling (Bogard et al., 2014) or growth stage prediction (Bogard et al., 2015) . 
Conclusions
In this study, we developed a high-throughput method for SNP discovery in the repetitive fraction of the wheat genome. By using sequence capture, this approach allows for SNP discovery in both regions of interest and at the whole-genome level in species for which genome size makes whole-genome resequencing too expensive. In addition, thanks to the genome specificity of ISBP markers, this approach makes SNP discovery and genotyping much more straightforward, by reducing the confounding effect of homoeologous and paralogous SNPs in polyploid and highly duplicated genomes. Despite the fact that they are not derived from coding regions, their high density allows for virtually all genetic loci to be in linkage disequilibrium with at least one marker. In addition, their compatibility with KASPar genotyping technology, as well as their ability to discriminate between closely related wheat lines, makes them suitable markers for molecular breeding.
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Supplemental Figure S1 . Ward dendrogram showing the phylogenetic relationships among wheat accessions of the INRA core collection revealed by ISBP-SNPs. Accessions are named according to their genetic resource number (ERGE) in the INRA Biological Resources Center. They are colored according to five groups related to previous structure analysis (Horvath et al., 2009 ): Asia (orange), Nepal (pink), Northwest Europe (blue), Eastern Europe (red), and Mediterranean (green).
Supplemental Table S1 . List of wheat lines genotyped with KASPar assays and the corresponding panel.
Supplemental Table S2 . List of 412,124 ISBPs detected on chromosome 3B with the IsbpFinder program.
Supplemental Table S3 . List of 52,265 ISBPs used for bait design.
Supplemental Table S4 . List of 49,836 SNPs with their corresponding alleles in the 10 resequenced lines and their SNP category.
Supplemental Table S5 . List of 39,077 Class1 and Class 2 SNPs with their context sequence.
Supplemental Table S6 . List of 3284 KASPar assays.
